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Bacterial intracellular symbiosis (endosymbiosis) is widespread in
nature and impacts many biological processes. In holometabolous
symbiotic insects, metamorphosis entails a complete and abrupt
internal reorganization that creates a constraint for endosymbiont
transmission from larvae to adults. To assess how endosymbiosis
copes—and potentially evolves—throughout this major host-tissue
reorganization, we used the association between the cereal weevil
Sitophilus oryzae and the bacterium Sodalis pierantonius as a model
system. S. pierantonius are contained inside specialized host cells,
the bacteriocytes, that group into an organ, the bacteriome. Cereal
weevils require metabolic inputs from their endosymbiont, particu-
larly during adult cuticle synthesis, when endosymbiont load in-
creases dramatically. By combining dual RNA-sequencing analyses
and cell imaging, we show that the larval bacteriome dissociates at
the onset of metamorphosis and releases bacteriocytes that un-
dergo endosymbiosis-dependent transcriptomic changes affecting
cell motility, cell adhesion, and cytoskeleton organization. Remark-
ably, bacteriocytes turn into spindle cells and migrate along the
midgut epithelium, thereby conveying endosymbionts to midgut
sites where future mesenteric caeca will develop. Concomitantly,
endosymbiont genes encoding a type lll secretion system and a fla-
gellum apparatus are transiently up-regulated while endosymbionts
infect putative stem cells and enter their nuclei. Infected cells then
turn into new differentiated bacteriocytes and form multiple new
bacteriomes in adults. These findings show that endosymbiosis re-
organization in a holometabolous insect relies on a synchronized
host-symbiont molecular and cellular “choreography” and illus-
trates an adaptive feature that promotes bacteriome multiplication
to match increased metabolic requirements in emerging adults.
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ymbiotic associations between animals and bacteria are

widespread in nature, impact organisms in different ways,
and represent a driving force in evolution (1-4). Symbiosis is
found in all ecological niches and occurs at different levels of
host integration, culminating in intracellular symbiosis (endo-
symbiosis) in which the genomes of both partners are present
within specific host cells, the bacteriocytes. Endosymbiosis is
prevalent in insects thriving on nutritionally unbalanced diets,
where endosymbionts provide nutritional complementation to
their hosts and thereby increase their fitness and their adaptive
capacities (5-7). Endosymbiosis occurs both in insects going
through incomplete metamorphosis (Hemimetabola) and com-
plete metamorphosis (Holometabola). Metamorphosis is a major
postembryonic developmental process that represents a drastic
anatomical remodeling of internal and external morphological
organization (8). Such extreme changes allow the discrete life
stages of a given species to adapt to distinct environmental
niches, hence limiting intraspecies competition (8, 9). It also
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allows adaptive decoupling: for example, task specialization of
growth at the larval stage versus reproduction at the adult stage
(9, 10). However, metamorphosis is also associated with con-
straints, including higher susceptibility to predators and patho-
gens, as well as the conservation and adaptation of beneficial
symbionts (9, 11). In hemimetabolous insects, the relative mor-
phological stability associated with incomplete metamorphosis is
believed to facilitate symbiont maintenance and transmission
across developmental stages (11). On the other hand, complete
metamorphosis creates a double challenge for holometabolous
hosts: 1) Maintaining symbionts amid a drastic morphological
reorganization and 2) adapting the symbiotic relationship to a
new life stage that might have different metabolic needs. While
the evolution of gut symbionts through metamorphosis has been
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addressed in several insects (12-14), very few insects harboring
intracellular symbionts have been studied in this regard (15-17).
One of the most extreme cases reported to date is the olive fly
Bactrocera oleae, whose endosymbiont transitions from being
intracellular in larvae to extracellular in adults (17), although the
underlying mechanisms and associated advantages are yet to be
established.

To address how endosymbiosis is shaped by a holometabolous
lifestyle, we studied the cereal weevil Sitophilus oryzae. This co-
leopteran species houses its obligatory bacterial endosymbiont
Sodalis pierantonius within specialized cells, the bacteriocytes,
that group together into an organ, the bacteriome (18-21). S.
pierantonius provides S. oryzae with vitamins and amino acids
that are at very low abundance in cereals (22-25). While endo-
symbiont load remains relatively stable during the larval stages, it
drastically and rapidly increases during 1 wk following the end of
metamorphosis (22). It was shown that endosymbionts supply the
host with large amounts of the aromatic amino acids, phenylal-
anine and tyrosine, which are necessary components for cuticle
synthesis following final ecdysis (22). Once the cuticle is com-
plete, endosymbionts are rapidly eliminated and recycled from
the gut bacteriomes (22, 26). Hence, while cereal weevils remain
in the same ecological niche as larvae and adults, host metabolic
needs increase greatly following the end of metamorphosis, as
does the endosymbiont metabolic contribution to those needs. In
parallel with the endosymbiont dynamics, weevil metamorphosis
is associated with a complete reshaping of the bacteriome organ,
starting with the dissociation of the single larval bacteriome and
ending with the formation of multiple new bacteriomes in pupae,
at the apex of the midgut mesenteric caeca (27-29). These
morphological changes could represent a morphological opti-
mization for the symbiotic burst and increased bacterial meta-
bolic input in young (i.e., less than 7-d-old) adults. In this study,
we sought to understand the mechanistic basis driving the bac-
teriome reshaping in the S. oryzae-S. pierantonius symbiotic as-
sociation, as well as the respective implications for each partner.
We present an in depth histological characterization of the
bacteriome remodeling during metamorphosis. By developing a
dual RNA-sequencing (RNA-seq) methodology specifically tai-
lored for S. oryzae and S. pierantonius, we unraveled a coordi-
nated host-endosymbiont transcriptomic dialogue during this
reorganization process. Our data suggest that both host and
endosymbiont are actively involved in this process through a
synchronized transcriptomic dialogue. Our results provide evidence
on how symbiont—host coevolution has selected a complex interplay
between metamorphosis and endosymbiosis that ensures both
symbiont transmission to the adult stage and morphological
modifications adapted to the insect’s evolving metabolic needs.

Results and Discussion

Weevil Metamorphosis Entails Bacteriome Localization Shift and
Remodeling. In the 1920s and 1930s, K. Mansour described a
shift in bacteriocyte localization during cereal weevil metamor-
phosis (20, 28, 29). To refine these data with state-of-the-art
imaging methods, we revisited this histological analysis during
metamorphosis by performing FISH with an S. pierantonius-
specific probe (Fig. 1 and SI Appendix, Fig. S14). In early pu-
pae, the bacteriome dissociates and releases bacteriocytes, which
migrate along the midgut (Fig. 1 D-F). In pupae, once the larval
bacteriome is fully dissociated, bacteriocytes cover the entire
midgut but remain separated from the gut lumen by the intes-
tinal epithelium, and also do not invade the fat body (Fig. 1 G-I).
Groupings of bacteriocytes at repetitive specific sites along the
midgut lead to the formation of multiple de novo bacteriomes,
where mesenteric caeca develop (Fig. 1 J-M). In late pupae,
bacteriomes are completely formed at the apex of the growing
mesenteric caeca and no bacteriocytes are seen elsewhere
(Fig. 1 J-L). In artificially symbiont-depleted (aposymbiotic)
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individuals, no bacteriome-like structure is observed at either
larval or pupal stages (SI Appendix, Fig. S2), consistent with
previous observations in aposymbiotic adults (22). Mesenteric
caeca still form during metamorphosis of aposymbiotic individ-
uals but contain only gut epithelial cells and no bacteriocyte (SI
Appendix, Fig. S2). This suggests that in both larvae and pupae,
bacteriocyte differentiation and bacteriome formation are
bacteria-dependent, unlike what has been reported in the pea
aphid Acyrthosiphon pisum (30). Interestingly, endosymbiont
quantification by flow cytometry showed that endosymbiont
density remains stable during metamorphosis and increases only
once metamorphosis is achieved (SI Appendix, Fig. S1B), sup-
porting the idea that the formation of multiple gut bacteriomes
in pupae may be a prerequisite to the symbiotic burst required to
fulfill the increased metabolic demands in young adults.

In the fourth and last nymphal instar of the hemimetabolous
whitefly Bemisia tabaci, a few bacteriocytes were described to
migrate from the bacteriome to the ovaries, where they are in-
corporated into developing oocytes (32). In contrast, we ob-
served in the cereal weevil that ovarian bacteriomes, from which
endosymbionts infect oocytes and are transmitted vertically
through host generations, are already present in early larval
stages (Fig. 1N). This is in line with previous observations that
weevil endosymbionts permanently infect germ cells during early
embryonic development (20, 33). Unlike gut bacteriomes, ovar-
ian bacteriomes do not seem to go through any remodeling
during metamorphosis (Fig. 1N). Hence, the two bacteriocyte
populations appear to represent distinct developmental fates,
from the larval to the adult stage. Whereas gut bacteriomes
strongly increase their symbiont load in the first days of adult life
before being eliminated by day 14, ovarian bacteriomes are
maintained in the ovaries during the females’ entire lifespan with
a relatively constant bacterial density (22).

Dual RNA-Seq Experiments Reveal Synchronized Host-Symbiont
Transcriptomic Changes during Metamorphosis. The fact that bac-
teriomes form only in symbiotic individuals strongly suggests that
the bacteriocyte differentiation process relies on a host-symbiont
molecular dialogue. To elucidate such a dialogue, we analyzed
the transcriptomic changes from both host and endosymbiont
simultaneously, using a dual RNA-seq approach (34-38). We
sequenced 12 dual RNA-seq libraries from weevil bacteriocyte-
containing guts dissected from fourth-instar larvae, early pupae,
pupae, and late pupae (39). The raw reads were cleaned from
adaptors and filtered for low quality and were subsequently
mapped against the genomes of either S. oryzae (PRINA431034)
(40) or S. pierantonius (CP006568.1) (41) (SI Appendix,
Table S1).

Dual RNA-seq libraries were successfully depleted of ribo-
somal RNA and yielded from 26 to 32 M reads mapped against
the S. oryzae genome and from 0.8 to 3.2 M reads mapped
against the S. pierantonius genome. Pairwise comparisons were
conducted between consecutive time points to identify differ-
entially expressed genes (DEG). In S. oryzae, we detected 2,062
DEG between early pupae vs. fourth-instar larvae, 724 for pupae
vs. early pupae, and 1,192 for late pupae vs. pupae (Table 1 and
Dataset S1). In S. pierantonius, we detected a total of 114 DEG
in early pupae vs. fourth-instar larvae, 215 in pupae vs. early
pupae, and 112 in late pupae vs. pupae (Table 1 and Dataset S2).
Up- and down-regulated DEG were further analyzed by gene
ontology (GO) enrichment analysis (42) and short time-series
expression miner (STEM) profiling analysis (43) (Table 1, SI
Appendix, Figs. S3-S5, and Datasets S3 and S4). Transcriptomic
changes in the host included genes involved in lipid, carbohy-
drate, and chitin metabolism, and in extracellular matrix and
cuticle synthesis (Table 1, SI Appendix, Fig. S3, and Dataset S3),
in accordance with a classic metamorphosis process, as
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previously observed (44-49), and validating the quality of the
sequencing data.

Symbiotic State Modulates the Expression of Host Genes Involved in
Cell Adhesion and Migration during Metamorphosis. In addition to
the aforementioned transcriptomic changes, strong variations
were observed in genes whose products are involved in cell ad-
hesion, cell motility, movement of cell and organelles, and cy-
toskeleton organization (Table 1, SI Appendix, Figs. S3 and S5,
and Datasets S1 and S3). For example, many genes associated
with epithelial-mesenchymal transition (EMT) in other systems
were found to be up-regulated at metamorphosis. EMT, well
known to promote individual or collective cell migrations during
embryogenesis or diseases (e.g., cancer metastasis) in many or-
ganisms, requires modulation of cell junctions, cell interactions
with the extracellular matrix, cytoskeleton reorganization, and
cellular shape modification (50, 51). Remarkably, around 70% of
up-regulated genes homologous to markers of EMT cell adhe-
sion and migration (52) were within the DEG we detected in our
analysis (Dataset S5).

The transcriptomic changes observed could be directly linked
either to metamorphosis processes of the gut per se or to
changes in the bacteriocyte transcriptome underlying their
change in behavior. To discriminate between these two possi-
bilities, we selected 17 host DEG based on their documented
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Bacteriome

Gut lumen

Fig. 1. The bacteriome organ is drastically remod-
eled during weevil metamorphosis. (A-C) Endosym-
‘ biont localization in  fourth-instar  larvae
‘ schematized in a cartoon [A, adapted from ref. 31,
with permission from Elsevier] and visualized by FISH
(B and C). The bacteriome is a unique bilobed organ
present at the foregut-midgut junction. (D-F) En-
dosymbiont localization in early pupae schematized
in a cartoon (D) and visualized by FISH (E and F).
Bacteriocytes are migrating from the larval bacter-
iome along the shrunken midgut, between a layer of
epithelial cells and muscles. (G-/) Endosymbiont lo-
calization in pupae schematized in a cartoon (G) and
visualized by FISH (H and /). / is a magnification from
H. Bacteriocytes completely cover the midgut and
start forming new bacteriomes. Arrows in / point to
spindle-shaped bacteriocytes. (J-L) Endosymbiont
localization in late pupae schematized in a cartoon
(/) and visualized by FISH (K and L). Bacteriomes are
completely formed and bacteriocytes are no longer
present around the midgut. (M) Clusters of small
cells (arrowheads) at the apex of forming bacter-
iomes in pupae (first three panels) and late pupae
(last panel). (N) Ovarian bacteriome morphology
during metamorphosis, observed by FISH. BOv,
Ovarian bacteriome; Ova, Ovariole. Bacteriomes
present at the apices of ovarioles in females do not
go through any remodeling. All panels: Red: S.
pierantonius; green: autofluorescence; blue: DAPI.
(Scale bars, 250 um for B, E, H, and K; 25 pm for C, F,
I, L, M, and N.)

Gut lumen

Bacteriome

functions in cell adhesion, cytoskeleton organization, or cell
polarity in related organisms, and compared by qRT-PCR their
expression in symbiotic and aposymbiotic metamorphosing
weevils. Aposymbiotic individuals do not bear bacteriocytes but
go through metamorphosis and gut remodeling (SI Appendix,
Fig. S2) and possess the same genetic background as symbiotic
individuals.

Eight of the tested genes (mmp2, stromelysin-3, ephA4, ultra-
bithorax, actin, stubble, E-cadherin, and N-cadherin) did not show
significant differences between symbiotic and aposymbiotic in-
dividuals (Fig. 2). These genes are therefore likely involved in
nonsymbiosis-related developmental processes entailed by
metamorphosis. In contrast, expression profiles of the nine
remaining genes were significantly up-regulated in symbiotic
individuals as compared to their aposymbiotic counterparts
(Fig. 2), indicating a bacteriocyte-specific modulation that could
be involved in modifications of bacteriocyte cell behavior during
metamorphosis. Among these genes, some have been described
to be involved in cytoskeleton organization, cell polarity, cell
adhesion, or cell motility, including EMT. The futsch gene, which
encodes a microtubule-associated protein, promotes cytoskele-
ton rearrangement during Drosophila’s neuronal development
(53, 54). Its up-regulation in symbiotic early pupae and pupae
(Fig. 2) suggests it could participate in microtubule reorganiza-
tion in the weevil’s migrating bacteriocytes. Fat and Daschous
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Table 1. Main GO categories differentially expressed in both S. oryzae and S. pierantonius during host metamorphosis
S. oryzae
Differentially Expressed Genes (p-value < 0.05) vs vs vs
Downregulated Genes (LogFC < -2) 888 415 577
Upregulated Genes (LogFC > 2) 1174 309 615
Functional Enrichment GO Term # of DEG UP DOWN UP DOWN UP DOWN
Oxidation-Reduction G0:0055114 131 42 64 8 24 23 18
Chitin metabolism G0:0006030 13 8 4 1 3 3 1
Chitin binding G0:0008061 12 12 0 0 0 0 5
Cuticle synthesis G0:0042335 58 44 11 6 12 8 16
Lipid metabolism GO:0006629 87 L4 53 51 |EP[ 1 25 19 13 |LP
Carbohydrate metabolism GO0:0005975 28 8 16 1 19 9 0
Cytoskeleton organization G0:0007010 40 16 9 9 2 7 10
Extracellular matrix G0:0031012 27 22 0 3 3 2 8
Cell adhesion G0:0007155 49 33 9 5 5 5 13
Movement of cell* G0:0006928 85 58 14 8 5 4 21
Cell motility G0:0048870 28 19 5 4 2 2 3
Metamorphosis G0:0007552 126 66 31 9 20 28 33
Whnt signaling pathway G0:0016055 9 7 1 1 0 0 2
S. pierantonius
Differentially Expressed Genes (p-value < 0.05) vs vs vs
Downregulated Genes (LogFC < -0.5) 43 115 76
Upregulated Genes (LogFC > 0.5) 71 100 36
Functional Enrichment COG #0ofDEG | 4| UP DOWN|cp| UP DOWN UP__DOWN |, p
Type lll secretion system NA 12 1 2 4 1 1 8
Flagellar apparatus NA 5 3 0 1 0 0 2
Heat shock response NA 6 6 0 0 4 0 2
Citric acid cycle NA 9 1 0 0 6 0 8

For each organism independently are represented: The total number of DEGs between two successive time points, either down- or up-regulated (first two
lines); the main affected processes based on GO enrichment and manual analysis, and the number of genes either down- or up-regulated in each process
between two successive time points. EP, early pupa; L4, fourth-instar larva; LP, late pupa; P, pupa.

*GO 0006928. Movement of cell or subcellular component.

have been reported to play a role in the establishment of planar
cell polarity in several Drosophila tissues, including the eyes and
wings (55-58), by generating subcellular asymmetry. Modifica-
tions in cell polarity could participate in the bacteriocyte ability
to migrate properly in weevil early pupae. Laminin-yl mediates
cell adhesion (59, 60), Ephrin-B2 and Adamts12 promote cell
invasion in mammals (61-63), and Wnt4 is required for proper
cell migration during ovary and salivary-gland morphogenesis in
Drosophila (64, 65). The expression of the genes encoding these
proteins was increased between the larval and early pupal stages
in symbiotic individuals (Fig. 2), suggesting they could partici-
pate in the bacteriocyte-invasive behavior and migration along
the gut at this step of metamorphosis (Fig. 1 F and I). None-
theless, we note that the expression levels of some of these
genes—including wnt4, fat, and laminin-yl—are relatively low,
and differences between symbiotic and aposymbiotic individuals
are subtle, albeit statistically significant. Determining whether
these differences are biologically significant will require further
functional analyses targeting those specific genes.

Expression of the EMT regulator snail was also significantly
up-regulated in symbiotic relative to aposymbiotic individuals
(Fig. 2). During metamorphosis, bacteriocytes change shape
when initiating migration (Fig. 1 C, F, and I), adopting a spindle-
like morphology typical of migrating cells. However, the ex-
pression of three other EMT markers [mmp2, involved in the
composition of extracellular matrix (66), and E-cadherin and
N-cadherin, which mediate cell-cell and cell-matrix junctions
(67, 68)], did not exhibit symbiosis-specific expression profiles
(Fig. 2). The expression profile of E-cadherin was even more
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puzzling, as it appeared to increase during metamorphosis, de-
spite being known to be transcriptionally repressed by Snail in
many models (69, 70). Taken together, these results indicate
that, while Snail is probably involved in a symbiosis-related
process during metamorphosis, its function might differ from
the canonical Snail-mediated EMT mechanisms known in other
models. Moreover, other non-EMT related, E-cadherin-inde-
pendent, functions of Snail could be at work during symbiosis
remodeling, such as roles in cell survival, stem cell biology, and
regulation of immunity (71). Thus, a subtype-specific approach
will be required to elucidate the exact functions of Snail in
symbiosis remodeling during metamorphosis.

A galectin Gene Participates in Proper Bacteriocyte Migration toward
Their Target Sites in Pupa. One of the highest fold-changes from
fourth-instar larvae to early pupa was observed for a galectin gene
(down-regulated 4,000-fold in the dual RNA-seq data) (Dataset
S1). We confirmed by qRT-PCR that galectin is specifically
expressed in the bacteriome of fourth-instar larvae and displays
very low transcript levels at all other developmental times (Fig. 2).
galectin transcript levels were also very low at all time points in
aposymbiotic individuals, strongly suggesting a function in bacter-
iocyte dissociation and migration. Galectins are lectins that bind
surface p-galactosides through carbohydrate-recognition domains,
through which they can mediate cell—cell and cell-matrix adhesion.
They were shown to either increase or decrease cell motility in
cases of tumor progression, depending on the context and tumor
type (72, 73), and to promote EMT in several studies (74, 75). They
are also involved in various ways in host-cell-bacteria interactions
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Fig. 2. Specific host transcriptomic changes in genes affecting cell adhesion, motility, differentiation, polarity, and cytoskeleton organization underlie bacteriome

remodeling. Expression kinetics of selected host genes were analyzed by gRT-PCR on dissected bacteriomes/guts during metamorphosis in symbiotic (green) and aposymbiotic
(purple) weevils. A.U., arbitrary units. Boxes represent first quartile to third quartile for at least four independent replicates, the middle lines represent the medians, and the
whiskers represent the minimum and maximum values. Asterisks indicate a significant impact of the symbiotic status (sym) based on the analysis of a generalized linear
model (-P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001). EP, early pupa; L4, fourth-instar larva; LP, late pupa; P, pupa. Gene IDs are available in S/ Appendix, Table S3.

(76), and a Galectin-encoding gene was recently found to be sig-  (77). To further address galectin function in bacteriocyte migration,
nificantly more expressed in the symbiotic organ of the tortoise leaf ~ we used an RNA interference approach (SI Appendix, Fig. S6).
beetle Cassida rubiginosa when compared to the rest of the body  Strikingly, galectin knockdown through double-stranded RNA
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(dsRNA)-injection at the third-larval instar resulted in isolated,
circular-shaped bacteriocytes “left behind” in the fat body and the
gut lumen in pupae (SI Appendix, Fig. S7 and Table S2). These
data suggest that Galectin is essential for the proper migration of
bacteriocytes.

Taken together, the above results reveal an endosymbiont-
driven cell reprogramming at the onset of metamorphosis that
parallels bacteriocyte behavioral changes. This symbiosis-specific
program includes the transcriptomic modification of genes in-
volved in cell adhesion, cell motility, cell polarity, and cytoskel-
eton organization, and it allows bacteriocytes to migrate and
transport endosymbionts along the gut. Because of the complex,
pleiotropic, and model-dependent functions controlled by many
of the genes of interest, fine functional analyses will be required
to address their specific roles in bacteriome remodeling during
metamorphosis.

Endosymbiont Up-Regulates Type Ill Secretion System- and
Flagellum-Encoding Genes during Metamorphosis. Although
changes in host gene expression during morphological rebuilding
at metamorphosis were expected, our dual RNA-seq experi-
ments showed that S. pierantonius gene expression is also im-
pacted by metamorphosis (Table 1, SI Appendix, Figs. S4 and S5,
and Datasets S2 and S4). This behavior contrasts markedly with
that of Buchnera, the endosymbiont of the pea aphid A. pisum,
whose genome lacks most gene regulators and shows limited
transcriptional regulation (78-80). We observed a transient up-
regulation (in early pupae) of genes coding for chaperones and
heat-shock proteins, which could be a stress response to the wide
cellular changes the bacteriocytes undergo. It is noteworthy that
in Buchnera, heat-shock proteins have been found to be consti-
tutively expressed (81), as opposed to their inducibility observed
here in S. pierantonius. The citric-acid cycle was down-regulated
(in pupae and late pupae) in S. pierantonius, suggesting a de-
crease in bacterial oxidative metabolism and a switch to fer-
mentative metabolism. It was shown in Aedes aegypti that
metamorphosis initiation was dependent on gut hypoxia (82),
and a similar hypoxia during S. oryzae metamorphosis could ex-
plain this switch in bacterial metabolism.

Importantly, genes encoding flagellum and type III secretion
system (T3SS) components were up-regulated in early pupae and
pupae and down-regulated in late pupae (Dataset S2), as further
confirmed by qRT-PCR (Fig. 3). For many bacterial species, the
flagellum is crucial during infections due to its motility and se-
cretion functions (83). The T3SS forms a needle-like structure
that enables bacteria to inject into the host cell cytosol effector
molecules that can manipulate the cell and favor a subsequent
infection (84). We detected both the structural genes of the T3SS
apparatus, as well as effector genes, as differentially expressed.
Hence, the up-regulation of flagellum- and T3SS-encoding genes
might underlie a transient “infectious state” of the endosymbiont.

This transcriptomic signature was previously reported in the
sibling-species Sitophilus zeamais (85). The conservation of such
virulence factors is usually limited to recently acquired symbi-
onts, such as S. pierantonius and the secondary tsetse-fly symbi-
ont Sodalis glossinidius (25), both of which have not suffered a
drastic genome reduction (25, 86, 87) as observed in long-
established endosymbionts (88). In the tsetse fly Glossina mor-
sitans, S. glossinidius mutants lacking a functional T3SS are un-
able to infect host cells (89). T3SS-encoding genes were also
shown to be essential in the formation of symbiotic nodules in
the association between the legume Aeschynomene indica and
the bacterium Bradyrhizobium (90). Since the T3SS from S.
pierantonius is complete and predicted to be functional (25), it
might play a similar proinfectious role here. Contrary to the
T3SS, several genes involved in flagellum synthesis are lost or
pseudogenized in S. pierantonius (25), including fliC, which en-
codes the flagellum filament. The flagellum of S. pierantonius
would therefore presumably not support motility functions. In-
stead, we hypothesize it might serve as an additional secretion
apparatus, as reported in Yersinia enterocolitica, Campylobacter
jejuni, and Xenorhabdus nematophila, species in which the
flagellum-export apparatus was shown to export nonflagellum-
related proteins, including virulence factors (91-93). Interest-
ingly, the genome of Buchnera also does not contain a fliC gene
(94). However, other flagellum genes are among the most highly
expressed genes in endosymbionts isolated from adult aphids
(79, 95), and it was thus hypothesized that the flagellum could
act as a secretion apparatus in this species (79, 95, 96). Hence,
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Fig. 3. Genes encoding virulence factors are up-regulated in S. pierantonius during host metamorphosis. Expression kinetics of selected bacterial genes
involved in synthesis of the T3SS or in flagellar assembly were analyzed by qRT-PCR on dissected bacteriomes/guts during metamorphosis in symbiotic (green)
weevils. A.U., arbitrary units. Boxes represent the first quartile to third quartile for five independent replicates, the middle lines represent the medians, and

the whiskers represent minimum and maximum values. Asterisks indicate a
ANOVA (*P < 0.05; ***P < 0.001). EP, early pupa; L4, fourth-instar larva; LP,
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significant impact of the developmental time point (dev) based on a one-way
late pupa; P, pupa.
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both the up-regulation of T3SS and flagellum-export apparatus
genes in early pupae and pupae could allow S. pierantonius to
switch to an infectious behavior during host metamorphosis.

S. pierantonius Infects Putative Stem Cells and Initiates the Formation
of New Bacteriocytes. Histological analyses showed that migrating
bacteriocytes end their migration next to clusters of small cells
that are present at repetitive sites along the pupal midgut.
During metamorphosis, these groups of cells continued to be
clearly visible at the apex of forming bacteriomes (Fig. 1M).
These cells showed a high nucleus:cytoplasm ratio and were of-
ten strongly stained after antiphosphorylated-histone-3 (PH3)
immunostaining, indicating that they were actively dividing
(Fig. 44). Because these cells were also present at the extremity
of each mesenteric cecum in aposymbiotic insects and showed a
similar division activity (based on PH3-immunostaining) as in
symbiotic insects (Fig. 4 B and C), we hypothesized that they are
epithelial stem cells.

FISH and transmission electron microscopy (TEM) experi-
ments revealed the presence of isolated endosymbionts inside
these putative epithelial stem cells (Fig. 5). Along with the en-
dosymbiont’s transcriptomic up-regulation of its T3SS and fla-
gellar export apparatus, this indicates that at this developmental
stage, some S. pierantonius present in neighboring bacteriocytes
following their migration manage to escape bacteriocytes of
larval origin, activate an infectious state, and invade putative
epithelial stem cells. Because no PH3-staining was observed in
bacteriocytes from the larval bacteriome, and because the newly
infected cells contained low numbers of bacteria, we hypothesize
that the newly infected cells differentiate into bacteriocytes and
contribute to the nascent adult bacteriomes. The presence of
similar highly proliferative putative stem cells in aposymbiotic
insects, in which mesenteric caeca form without any bacteriocyte/
bacteriome formation (Fig. 4 B and C), suggests that in the ab-
sence of endosymbionts, these cells differentiate instead into
intestinal cells, and that specific signals linked to endosymbiont
infection trigger their differentiation into bacteriocytes. Simi-
larly, it was shown in the flatworm Paracatenula galateia that
bacteriocytes originate from noninfected pluripotent stem cells
that also differentiate into other cell types, although the cell
differentiation and endosymbiont infection mechanisms remain
elusive (97). In endosymbiotic insects, the developmental origin
of bacteriocytes is largely unknown and may vary among species.
Intriguingly, genes that were previously shown to be involved in
embryonic bacteriocyte formation in hemimetabolous insects
[i.e., distal-less, engrailed, abdominal-A, and ultrabithorax (30, 98)]
were not differentially expressed during S. oryzae’s metamor-
phosis, suggesting that other genes might be involved in this
holometabolous insect.

Endosymbionts Ultimately Enter the Nucleus of Neoinfected Cells.
Unexpectedly, TEM revealed the presence of endosymbionts
not only in the cytosol but also within the nuclei of putative stem
cells (Fig. 6). In some cells, endosymbionts were observed sur-
rounded by nuclear-membrane invaginations (Fig. 64), suggest-
ing that they were being internalized by the nucleus. In line with
this, endosymbionts were also observed within vesicles inside
nuclei (Fig. 6 B-D). These vesicles presented strong similarities
with the nuclear membrane, supporting a nuclear origin. FISH
experiments with a S. pierantonius probe observed by confocal
microscopy confirmed the occurrence of S. pierantonius within
stem-cell nuclei (Fig. 6 E-G). We also noticed a reduced size of
endosymbionts that were present inside the nuclei, being on
average half the size of cytoplasmic endosymbionts (SI Appendix,
Fig. S8). We did not observe any nuclear endosymbionts past the
pupal stage. These observations suggest that nuclear infection of
stem cells by endosymbionts is a transient phenomenon that
correlates with the transient up-regulation of T3SS- and
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Fig. 4. Putative epithelial stem cells are present at the apices of forming
bacteriomes. (A) PH3 localization by immunostaining in forming bacter-
iomes in pupae. A negative control was included (Right, PBS). PH3 is spe-
cifically localized in clusters of small cells at the apices of forming
bacteriomes (arrowheads), indicating that they might be stem cells. Red:
autofluorescence; green: PH3; blue: DAPI. (Scale bars, 25 pm.) (B) Percent-
ages of bacteriome containing PH3" cells in whole guts from symbiotic and
aposymbiotic pupae. The means and SEs for three independent replicates
are represented. No significant difference was found between symbiotic and
aposymbiotic individuals, based on a Welch t test. (C) Numbers of PH3* cells
per positive bacteriome in symbiotic and aposymbiotic pupae. The means
and SEs for three independent replicates are represented. No significant
difference was found between symbiotic and symbiotic individuals, based on
a Welch t test; n.s., not significant.

flagellum-encoding genes and might be terminated by nuclear
degradation of the endosymbionts.

Although additional experiments are needed to ensure that
the nuclear localization of S. pierantonius is biologically relevant
and not a by-product of the putative stem-cell infection, the
observation of intranuclear signal using an S. pierantonius-
specific probe, the restriction of intranuclear localization to the
putative stem cells, and the recent report of intranuclear Sodalis-
related endosymbionts in the psyllid Bactericera trigonica (99) all
support the hypothesis that S. pierantonius is transiently intra-
nuclear during S. oryzae’s metamorphosis. Endonuclear bacteria
have been described previously, in both pathogenic and mutu-
alistic associations in protists, bivalves, and arthropods (100).
Infection mechanisms remain elusive in most cases. In Parame-
cium, nuclear infection by Holospora is assumed to involve the
so-called “infection tip,” a protein that would allow movement
within the cell and nuclear infection (101, 102). In Euglena
hemichromata, it was hypothesized that bacteria transit through
the cytoplasm within phagocytotic vacuoles, which in turn fuse
with the nuclear membrane, allowing for bacterial uptake by the
nucleus (103). However, none of what has been characterized so
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far involves nuclear vesicles as seen in S. oryzae. A potential
involvement of the T3SS and flagellar-export apparatus from S.
pierantonius cannot be excluded. One striking difference from
what we have observed in S. oryzae is that endonuclear bacteria
in other systems usually persist within the nucleus. For example,
in the leathopper Nephotettix cincticeps, Rickettsia endosymbionts
are able to permanently infect sperm nuclei, from which they are
paternally transmitted to the offspring (104). In contrast, intra-
nuclear occurrence of S. pierantonius is rare and transient, and
the intranuclear bacteria rapidly decrease in size, suggesting
bacterial degradation.

Nucleus-surface measurements showed that nuclei were sig-
nificantly smaller in noninfected putative stem cells than in
bacteriocytes (SI Appendix, Fig. S9), suggesting that bacteriocyte
differentiation may entail a step of genome polyploidization, as
has been proposed for several other insect bacteriocytes (29,
105-107). Intranuclear endosymbionts could be involved in
triggering stem-cell differentiation into bacteriocytes, rather than
into intestinal cells, as well as influencing genome polyploidiza-
tion. The endosymbiont intranuclear localization could favor its
interference with host gene expression. Several pathogenic, cyto-
plasmic bacteria were shown to interfere with host gene expression
through the manipulation of epigenetic markers, such as histone
modifications or chromatin rearrangements (108-111). The
proximity of intranuclear S. pierantonius to its host genetic ma-
chinery at this stage makes epigenetic manipulation a strong
possibility for bacteria-induced cell reprogramming, and especially
genome polyploidization.

Conclusion

In summary, we show in this study how the host developmental
program is intertwined with endosymbiosis, and how metamor-
phosis enables symbiont maintenance to adulthood and provides
an opportunity to adapt a symbiotic organ to evolving metabolic
needs. We provide a histological, molecular, and functional
characterization of a remarkably regulated and timely reorgani-
zation of the bacteriome during weevil metamorphosis. The
larval bacteriome dissociates, and bacteriocytes undergo migra-
tion along the gut epithelium, where they form de novo bacter-
iomes. We show that this process involves coordinated responses
from both the host and the endosymbiont, including the up-
regulation of T3SS- and flagellum-encoding genes. This activa-
tion of an infectious behavior allows the endosymbiont to invade
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Fig. 5. Endosymbionts enter putative stem cells
during bacteriome formation. (A and B) Localization
of S. pierantonius cells by FISH in stem cells (arrow-
heads) at the apices of forming bacteriomes in pu-
pae. Red: S. pierantonius; green: autofluorescence;
blue: DAPI. These enlargements are cropped por-
tions of the initial, full images that were acquired
with a 60x objective. Enlargements were cropped
and enlarged 1.7x (A) and 2.1x (B) compared to the
original images. (Scale bars, 25 um.) (C-E) TEM im-
ages showing stem cells (cell borders are highlighted
by white dashed lines) infected with few endosym-
bionts (red arrows), contrasting with the high bac-
terial density in neighboring bacteriocytes. Bact:
bacteriocytes; Nucl: nuclei.

the cytosol and, transiently, the nuclei of presumed epithelial
stem cells, where endosymbionts might deliver a yet unknown
signal that triggers stem-cell polyploidization and differentiation
into bacteriocytes. We hypothesize that this bacteriome remod-
eling improves the trophic-interaction efficiency between S.
oryzae and S. pierantonius at the onset of a short yet crucial pe-
riod for the association, early adulthood, when symbiont-assisted
cuticle synthesis takes place (22). We speculate that the increase
in bacteriome number enhances productivity and that morpho-
logical rearrangements in close association with mesenteric
caeca increase the exchange surface between bacteriocytes and
the gut/fat body, likely optimizing metabolic flows. Hence,
metamorphosis would allow a switch from a small bacteriome in
larvae, when metabolic dependency on endosymbionts is lower,
to multiple bacteriomes in adults, enabling massive symbiont
growth in young adults and facilitating host-symbiont metabolic
exchanges necessary for a rapid cuticle synthesis. Thus, this work
shows how metamorphosis not only maintains endosymbionts,
despite massive morphological rearrangements, but also enables
adaptive decoupling with regards to endosymbiosis by restruc-
turing the bacteriome and modulating host investment into en-
dosymbiont housing according to metabolic needs.

Materials and Methods

Insect Rearing and Sampling. S. oryzae weevils were reared on wheat grains
at 27.5 °C and at 70% relative humidity. The Bouriz strain was chosen in this
work because it is free of any facultative symbionts, including Wolbachia,
and harbors only S. pierantonius. The full procedure for the generation of
aposymbiotic insects through heat-treatment is described in the S/ Appendix.

Sitophilus' metamorphosis was divided as follows: Early pupae are more
elongated than fourth-instar larvae, their color evolves from yellow to
white, and they still possess a cephalic capsule. Pupae, on the other hand,
lose the cephalic capsule, while late pupae have started cuticle sclerotization
(SI Appendlix, Fig. S1A).

Insect organs (bacteriomes, guts, ovaries) were dissected in
diethylpyrocarbonate-treated Buffer A (25 mM KCl, 10 mM MgCl,, 250 mM
Sucrose, 35 mM Tris/HCl, pH 7.5). For RNA extractions, at least 15 organs per
condition were pooled and stored at —80 °C and each sampling was
independently repeated five times.

Sample Preparation for Histology. Whole individuals or dissected organs were
prepared as described previously (112, 113).
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Fig. 6. Intranuclear occurrence of S. pierantonius in bacteriome stem cells. Dissected midguts from pupae were observed by TEM. (A) Nuclear membrane
invaginations containing S. pierantonius (red asterisks). (B-D) S. pierantonius are observed inside vesicles (red arrowheads) within nuclei of cells that present
low bacterial density. Bact, Bacteriocyte; Nucl, nuclei; Sp, S. pierantonius. (E) Z-stack representation of a pupa forming bacteriome as observed by confocal
microscopy following FISH against S. pierantonius. Red: S. pierantonius; green: autofluorescence; blue: DAPI. This enlargement is a cropped portion of the
initial, full image that was acquired with a 60x objective. The enlargement was cropped and enlarged 1.6x compared to the original image. (Scale bar, 10 pm.)
(F and G) Superposition of blue (DAPI) and red (TAMRA-labeled S. pierantonius) signal intensities along the x (F) and y (G) axes of E. Capped lines on graphs
show zones of blue and red signal colocalization, suggesting the nuclear presence of S. pierantonius. The gray square in E is an enlargement of the area where
blue and red signals colocalize. The white arrow points at an apparent nuclear endosymbiont.
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Endosymbiont Localization by FISH. FISH was performed as previously de-
scribed (114). Probe sequence for S. pierantonius was: TAMRA-
ACCCCCCTCTACGAGAC (10 pg/mL). Observations, image acquisition and
treatment were performed as previously described (112, 113). Nuclei-surface
measurements on acquired pictures were done using ImagelJ.

Confocal microscopy and image acquisition were performed on a LSM800
confocal microscope (Zeiss, lasers 405, 488, 561 nm). Analyses, orthogonal
projections and fluorescence-profile plots on acquired pictures were done
using the Zen software (Zeiss), ImageJ, and GraphPad.

Endosymbiont Quantification by Flow Cytometry. Bacteriomes/guts of fourth-
instar larvae, early pupae, pupae, late pupae, and young adults (1-d-old)
were dissected in PBS. For each developmental time point, five organs were
pooled and each sampling was repeated three times. Organs were grinded
in 300 pL PBS and centrifuged 2 min at 400 x g. The supernatant was re-
covered and centrifuged for 5 min at 13,800 x g. The pellet was resuspended
in 1 mL PBS, filtered on a 50-pm nylon membrane, and centrifuged for 5 min
at 13,800 x g. The pellet was resuspended in 300 pL PFA 4% and left over-
night at 4 °C. Samples were then centrifuged for 5 min at 13,800 x g, washed
with 1 mL PBS, and centrifuged for 5 min at 13,800 x g. Finally, samples were
resuspended in PBS: 200 pL for larvae and pupae, 800 puL for adults. Samples
were then incubated during 15 min at room temperature with Syto9 (0.5 pL/
200 pL) and iodide propidium (0.5 pL/200 pL) from the Live/Dead BacLight
Bacterial Viability Kit (ThermoFisher). Bacterial enumeration was performed
with a C6 flow cytometer (BD Accuri), using a fluorescence gating for either
Syto9 or iodide propidium.

RNA Isolation and Library Construction for Dual RNA-Seq. Total RNA was
extracted with TRIzol reagent (ThermoFisher Scientific) following the man-
ufacturer’s instructions. Nucleic acids were then purified using the Nucleo-
Spin RNA Clean up kit (Macherey Nagel). Genomic DNA was then removed
from the samples with the DNA-free DNA removal kit (ThermoFisher Sci-
entific). Total RNA concentration and quality were checked using the Qubit
Fluorometer (ThermoFisher Scientific) and the Agilent 2200 TapeStation
(Agilent Technologies). Ribo-depletion and dual RNA-seq libraries were then
performed with 100 ng of total RNA using the Ovation Universal RNA-seq
System (NUGEN) following the manufacturer’s instructions and sequenced
on an lon Torrent Proton platform (Life Technologies) at the sequencing
platform of the Institut de Génomique Fonctionnelle de Lyon, Ecole Normale
Supérieure de Lyon, France. Each replicate was sequenced on an indepen-
dent run of ~90 million reads for a total of more than one billion sequenced
reads. Raw sequencing data from this study have been deposited at the
National Center for Biotechnology Information (NCBI) Sequence Read Ar-
chive (SRA) under PRINA484327.

Differential Gene-Expression Analysis. The raw reads were processed using
CUTADAPT (115) to remove adapters and filter out reads shorter than 35 bp.
The clean reads were mapped against the S. oryzae draft genome (GenBank:
PRJNA431034) (40) with STAR (116) and S. pierantonius (GenBank:
CP006568.1) (41) with Bowtie2 (117). Shared reads between the two ge-
nomes were filtered out with the aid of SAMTOOLS (118) and PICARD
(available from https:/broadinstitute.github.io/picard/). Gene counts were
obtained with featureCounts method from the SUBREAD package (119) and
tested for differential expression with DESEg2 package from R (120). Gene
counts are available in Datasets S6 and S7. Genes were considered differ-
entially expressed when the adjusted P value (P-adj) was lower than 0.05 and
were selected for further analysis when log, fold-change (LogFC) was
greater than 2 (for up-regulated genes) or smaller than -2 (for down-
regulated genes). Since bacterial RNA was present in smaller quantities
than the insect's RNA, P-adj, and LogFC were not as pronounced. Never-
theless, we were able to detect DEG when the LogFC threshold was set to 0.5
and —0.5. Genes were also clustered based on their expression profile using
STEM (43) and these sets of genes were separately tested for functional
analysis as well.

Functional Annotation. The genomes of the insect and the endosymbiont were
annotated for GO terms with the aid of EggNog (121). GO counts are
available in Dataset S8. Enriched GO terms were detected using a custom R
script with a Fischer test. After testing, the P values were adjusted with the
Benjamini-Hochberg (122) correction for multiple testing. The GO terms
were reduced to representative nonredundant terms with the use of the
REVIGO tool (42).

qRT-PCR Transcript Quantification. Total RNA was extracted and purified as
described in the RNA isolation section described above. Reverse transcription
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and transcript quantification was performed as previously described (112,
113). The quantification was performed with a CFX Connect Real-Time PCR
Detection System (Bio-Rad) using the LightCycler Fast Start DNA Master
SYBR Green | kit (Roche Diagnostics). Host data were normalized using the
ratio of the target cDNA concentration to that of three housekeeping genes:
Ribosomal protein L29 (rpL29), glyceraldehyde 3-phosphate dehydrogenase
(gapdh), and malate dehydrogenase (mdh). Symbiont data were normalized
the same way, using two bacterial housekeeping genes: Ribosomal protein
O (rplO) and ATP synthase-y (atpG). Primers were designed to amplify
fragments of ~200 bp. Primers for rpL29, gapdh, and mdh were previously
published (113). A complete list of other primers can be found in S/ Ap-
pendix, Table S3. Based on the draft version of the genome, we have
designed a specific qPCR primer for the galectin gene (Gene ID:
LOC115886684). In the second assembly, the initial portion of the gene was
not annotated as part of the transcript. We have manually verified that this
portion was indeed transcribed, and we provide in S/ Appendix, Sequence S1
the manually annotated sequence.

galectin Knockdown by RNAi. dsRNA synthesis and injection were performed
as described previously (112, 123). Primers used for dsRNA synthesis are listed
in SI Appendix, Table S3. Injection of gfp dsRNA was used as a negative
control. Six days following the injection of 50 ng of dsRNA in third-instar
larvae, fourth-instar larvae were recovered and dissected to assess galectin
knockdown. Ten days after dsRNA injection, early pupae and pupae were
recovered for histological work.

Statistical Analyses. Gene-expression kinetics for eukaryotic genes (Fig. 2)
were analyzed by fitting a generalized linear model with a y-transformation
to the data. Developmental time points were considered as a four-level
categorical variable. Symbiotic status was considered as a two-level cate-
gorical variable. The impact of symbiotic status was assessed by comparing
with a t test the regression coefficients between symbiotic and aposymbiotic
individuals.

Gene-expression kinetics for prokaryotic genes (Fig. 3) were analyzed by
fitting a generalized linear model with a y-transformation to the data. De-
velopmental time points were considered as a four-level categorical variable.
To confirm the dual RNA-seq data, the impact of developmental time was
assessed with a one-way ANOVA with a y? test.

galectin knockdown (S/ Appendix, Fig. S6) was analyzed doing pairwise
comparisons using a Welch’s t test on the log-transformed gene-
expression data.

PH3 Localization by Immunostaining. Paraffin sections were dewaxed twice in
methylcyclohexane for 10 min, rinsed in ethanol 100%, and rehydrated
through an ethanol gradient to PBS. Afterward, slides were plunged during
20 min at 99 °Cinto an antigen retrieval buffer (anhydrous citric acid 1.8 mM;
sodium citrate 8.2 mM), and rinsed with water for 10 min. The slides were
incubated with 1% BSA in PBS for 30 min prior to primary antibody incu-
bation, overnight at 4 °C. Rabbit anti-PH3 antibody (Abcam) was used as the
primary antibody, diluted 1:200 in PBS containing 0.1% BSA. BSA 0.1% in
PBS was used as a negative control. After primary antiserum incubation,
sections were washed with PBS containing 0.2% Tween. Primary antibodies
were detected with fluorescent donkey anti-rabbit 1gG, labeled with Alexa
Fluor 488 (ThermoFisher Scientific). This secondary antibody was applied for
1 h at room temperature, diluted at 1:600 in 0.1% BSA in PBS. They were
washed with PBS-Tween, rinsed with PBS and washed several times with tap
water. Sections were then dried and mounted using PermaFluor Aqueous
Mounting Medium (ThermoFisher Scientific), together with 4DAPI
(Sigma-Aldrich) for nuclear staining (3 pg/mL of medium). Images were ac-
quired and treated as described above.

For whole-mount experiments, guts from symbiotic and aposymbiotic
pupae were dissected in PBS and fixed in PFA 4% for 2 d. They were then
washed twice in PBS for 10 min, and tissues were permeabilized for 10 min in
Triton 0.1% in PBS. The same protocol used for the slides was then used for
these organs.

Ultrastructural Observation of Midguts by TEM. Sample preparation and em-
bedding, sectioning, contrasting, and TEM were carried out as previously
described (22). Observations and image acquisition were performed on a
CM120 electron microscope (Philips) at the Centre Technologique des Mi-
crostructures (Université de Lyon). Bacterial diameter measurements on ac-
quired pictures were done using ImageJ.
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Data Availability. Raw sequencing data from this study have been deposited
at the NCBI SRA under PRJNA484327. All other data are available in
this paper.
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